Aim/hypothesis. Increased proximal renal sodium reabsorption is associated with central adiposity and insulin resistance in white men. Our study examined whether this association also exists in other ethnic groups with different prevalences of insulin resistance and associated metabolic abnormalities. Methods. We studied the association between fractional renal excretion of endogenous lithium (FELi) and metabolic syndrome in a population study of 1190 randomly selected men and women who where 40 to 59 years of age (426 white, 397 of African and 367 of South Asian origin). Anthropometric values, blood pressure, biochemical values, questionnaire data and timed urine collections were obtained with standardised techniques. Endogenous lithium in serum and urine was measured by absorption spectrophotometry. Metabolic markers were the homeostasis model assessment (HOMA) index, waist circumference, serum triglycerides, serum HDL cholesterol and metabolic syndrome as defined by Adult Treatment Panel III criteria.
In untreated white men [1, 2] increased proximal renal sodium re-absorption, measured as clearances of lithium and uric acid, is consistently and independently associated with a metabolic pattern of insulin resistance, suggesting that renal sodium handling is involved in the "metabolic syndrome". Recently an association has also been reported between abdominal adiposity and altered renal tubular sodium handling in white men [3] . However, it is not clear if the relationship between altered sodium handling, abdominal adiposity and insulin resistance is present in women too or whether it exists in other ethnic groups (e.g. people of African or South Asian origin), which have different prevalences of insulin resistance, distribution of adiposity and cardiovascular risk [4, 5] .
We therefore assessed whether (i) the association between greater proximal sodium retention and metabolic syndrome is present in white women as well as in white men; (ii) the renal handling of sodium differs among ethnic groups known to have different vascular morbidity and mortality rates; and (iii) differences in handling of sodium are related to the metabolic syndrome within each ethnic group.
Subjects and methods
Population sampling. The methodology and overall characteristics of the study population of the Wandsworth Heart and Stroke Study have been reported in detail elsewhere [4, 6] . In brief, men and women 40 to 59 years of age were recruited from the lists of general practices in South London between March 1994 and July 1996. The ethnic group was recorded during an interview based on answers to questions on factors including place of birth, language, religion, history of migration and parental country of birth. The final sample size was 1577. Of these 1257 (80%) provided timed urine collections for clearance studies. A complete data set for analysis was available for 1190 subjects (426 white, 397 of African and 367 of South Asian origin). All participants from ethnic minority groups were first-generation immigrants. The general characteristics of people included in the analysis did not differ from those of people excluded (Appendix Table I online). The study was approved by the Local Ethics Committee. All participants gave their informed consent and the study was carried out in accordance with the Declaration of Helsinki as revised in 2000.
Methods. Participants were seen between 08.00 hours and 12.00 hours after an overnight fast. They received written instructions to empty their bladder in the morning, record the time and drink one to two glasses of tap water before attending the screening. They were asked not to smoke or to exercise vigorously for at least one hour before the visit, and to bring all medications they were taking for checking. The examination included anthropometry, blood pressure, a fasting timed urine collection and a detailed questionnaire. Age at the last birthday was recorded. Height, weight, waist and hip girths were measured with standard methods [4, 6] and BMI was calculated (kg/m 2 ). Blood pressure was measured after the subject had been resting for at least 10 min in the supine position with an automatic ultrasound sphygmomanometer as described elsewhere [4, 6] . A fasting timed urine collection was obtained on the morning of the investigation. The volume (ml) and duration (min) of the collection were recorded and specimens were aliquoted and stored at −20°C. Fasting venous blood was taken in the seated position without stasis. Serum electrolytes, creatinine, glucose and lipids were measured as described [4, 6] . Serum insulin was measured by a two-site ELISA, using monoclonal antibodies (Novo Nordisk A/S; Denmark) raised against human insulin and which do not cross-react with pro-insulin [6] . Insulin resistance was estimated by homeostasis model assessment (HOMA) using the formula: fasting serum insulin (µU/ml)×fasting serum glucose (mmol/l)/22.5 [7] . The metabolic syndrome was defined according to Adult Treatment Panel III criteria [8] .
Questionnaire. This consisted of 134 items, including questions on demographic and socio-economic information such as place of birth, language, religion, history of migration, parental place and country of birth, family history, marital status, social class and education of the screened person and his or her spouse or partner (when indicated), as well as housing. It also contained questions on personal medical history and drug therapy, current and past smoking, and leisure-time physical activity during the preceding 2 weeks.
Endogenous lithium clearance. After the physical measurements participants completed a timed urine collection, having fasted from the night before. On the morning of the examination they refrained from smoking, strenuous physical exercise and drinking tea, coffee and other drinks containing caffeine. Urine samples were stored at −20°C until assayed for sodium, lithium and creatinine concentrations. The clearances of sodium, lithium and creatinine were calculated by standard formulae [9] . Fractional excretion of sodium (FENa) and lithium (FELi) were also calculated [9] . FELi was used in the analysis to minimise the confounding effect of age, anthropometric factors and body mass [10] . Endogenous lithium was measured by absorption spectrophotometry (electrothermal method; AAS, model 3030; Perkin Elmer, Seer Green, Bucks, UK) [11, 12] . The detection limit for lithium in serum is 0.05 µmol/l. The between-batch CV for serum was 10.8% (n=100) and the withinbatch CV 6.2% (n=23). For urine, the between-batch CV was 6.2% (n=185) and the within-batch CV 4.6% (n=27).
Statistical analysis. Statistical analysis was done using the Statistical Package for Social Sciences (SPSS-PC; SPSS, Chicago, Ill., USA). The distributions of serum triglycerides, HDL cholesterol, fasting insulin and HOMA index were normalised by log-transformation, and the log-transformed values used in the analyses. Results are expressed as means or geometric means with and 95% confidence intervals as indicated. Due to differences in age and sex all statistical analyses were carried out after adjustment for age and sex. Partial correlation analyses were used to test associations between different variables, controlling for age and sex. Analysis of co-variance was used to adjust for confounders. The following were considered to be confounders: (i) variables associated with the FELi and any of the metabolic variables under study; (ii) variables that have previously been reported to be associated with both of the former. However, as insulin resistance could be the explanatory link, we did not think it appropriate to adjust for some of the variables, which could be interrelated because they are on the common metabolic pathway. Multiple linear regression analysis was used to allow for confounders using FELi as dependent variable. The prevalence of drug treatments in subjects with and without metabolic syndrome was tested by chi square. A two-sided p value of less than 0.05 was considered statistically significant.
Results
Descriptive statistics. Table 1 summarises the main differences between groups, adjusted for age and sex. HOMA index, serum glucose and insulin concentrations were progressively higher in people of African and South Asian origin than in white subjects. There were also more hypertensive subjects and people with diabetes in ethnic minority groups than in the white group. The average urine collection time was not different in the three groups but average urine volume was lower in people of African origin (Table 1) . In people of African origin FELi and FENa were both lower than in the other groups (Table 1) . Values for FENa were higher in South Asian subjects, possibly indicating a higher dietary sodium intake. All these differences between groups were not due to differences in the proportion of people treated for hypertension, hyperlipidaemia or diabetes (Appendix Table II online).
FELi and indices of insulin resistance. In white subjects FELi was consistently and inversely associated with BMI, waist and hip circumference, waist-to-hip ratio, serum triglycerides, fasting glucose, insulin and HOMA index, and directly associated with HDL cholesterol, indicating that an enhanced rate of proximal sodium re-absorption is associated with a greater degree of insulin resistance (Table 2) . However, no such pattern was detected amongst people of African or South Asian origin. Age-adjusted regression models by sex indicated [with the exception of waist circumference (interaction p=0.032)] that the associations were similar in the two sexes. This also applied after the exclusion of treated individuals (Appendix Table III online ). Multiple linear regression models, adjusted for age and sex, confirmed that the relationships were confined to white subjects and were consistent with HOMA index, waist circumference, serum triglycerides and HDL cholesterol, with significant interaction tests for waist circumference (p=0.019) and HDL cholesterol (p=0.027, Table 3 ). The r 2 values were 0.040, 0.049, 0.043 and 0.037 respectively, indicating that approximately 4 to 5% of the variance in FELi was explained by those simple models. The exclusion of subjects taking medication did not substantially alter the pattern of Table IV online). Likewise, the r 2 values did not change substantially (0.041, 0.055, 0.044 and 0.043 respectively). Further models adjusted for systolic blood pressure, degree of physical activity and smoking produced similar results (Appendix Table V FELi and the metabolic syndrome. To further quantify the difference in renal tubular proximal sodium handling in patients with and without the metabolic syndrome, we used the Adult Treatment Panel III criteria. The method identified the metabolic syndrome in 70 white people, 64 people of African origin and 98 of South Asian origin. White subjects with the metabolic syndrome had lower FELi than those without it, when adjusting for age and sex (Table 4) , and also when further allowance was made for differences in the proportion of people treated for hypertension, hyperlipidaemia or diabetes (Appendix Table VI online) . No difference was seen in the other ethnic groups.
Discussion
In this study we found different degrees of association between components of the metabolic syndrome and FELi depending on ethnicity. We confirmed that lower FELi, i.e. a higher rate of proximal renal tubule sodium re-absorption, is associated with features of the metabolic syndrome in white people of both sexes, independently of major confounders such as smoking, drug therapy and degree of physical exercise. However, in people of African or South Asian origin these relationships were less clear or not present. We also found that: (i) the association originally described in white men [1, 2] existed in a different white population consisting of both sexes; (ii) the association is not present in people of African origin, who have more insulin resistance and central adiposity, or in South Asian subjects, who also have more insulin resistance and central adiposity, as well as higher serum triglycerides and lower HDL cholesterol; (iii) people of African origin have greater proximal sodium re-absorption Whilst it may seem a small amount, this degree of sodium retention sustained over a long period of time could make a physiologically important contribution to total blood volume expansion and the activation of compensatory mechanisms. We used the term metabolic syndrome to describe a cluster of abnormalities such as hyperinsulinaemia, glucose intolerance, hypertension, high triglyceride concentrations, low concentrations of HDL cholesterol and obesity, particularly central adiposity [13] . Reduced tissue responsiveness to the normal action of insulin (insulin resistance) is the underlying feature of the syndrome [14] . Insulin resistance and hyperinsulinaemia are commonly associated with central adiposity [15, 16] . Although the hyperinsulinaemic euglycaemic insulin clamp is the gold standard for assessing insulin resistance, it is obviously unsuitable for large population studies. The HOMA index [7] gives only an indirect estimate of insulin-dependent glucose utilisation but it has been validated against the euglycaemic hyperinsulinaemic clamp [17] . Waist circumference predicts subsequent coronary artery disease better than BMI [18] and is recommended as a measure of abdominal adiposity [8, 19] .
We used the urinary excretion rate of endogenous lithium as a validated non-invasive method to assess segmental renal tubular sodium and water handling [12] . A reduction in FELi suggests an increased rate of sodium and water re-absorption at the proximal tubule. The measurement of endogenous lithium is more accurate and reliable than that of exogenous lithium, which was often used in previous epidemiological investigations [1, 2, 3, 10] .
Several mechanisms could explain the enhanced rate of renal tubular sodium re-absorption observed in white men and women in relation to the metabolic syndrome. In humans, insulin has an acute antinatriuretic effect [20] , even in obese persons resistant to other metabolic effects of the hormone [21] . Although insulin is thought primarily to affect distal tubular sodium re-absorption [21, 22, 23, 24] , there is evidence of a direct insulin action on proximal tubular sodium re-absorption [25, 26] ; moreover, insulin receptors have been found in the proximal tubule of different species [27, 28, 29] . Finally, insulin increases the expression and the activity of sodium-hydrogen exchange isoform 3, which mediates more than 60% of the sodium re-absorption at the proximal tubule [30] .
Chronic hyperinsulinaemia associated with insulin resistance might reduce glucagon-stimulated production of hepatic cyclic adenosine monophosphate (cAMP) and, in turn, impair the recognised natriuretic influence of systemic cAMP on the proximal tubule [31, 32] . Activation of the sympathetic nervous system, which is associated with abdominal adiposity and hyperinsulinaemia, could modulate renal tubular sodium handling [33, 34, 35] .
Hyperglycaemia in vitro favours antinatriuresis due to enhanced glucose-sodium co-transport in the convoluted proximal tubule [25] . In vivo proximal sodium re-absorption is stimulated by hyperglycaemia in rats [36] , and is higher in patients with diabetes [37] . Moreover, patients with Type 2 diabetes and insulin resistance retain more sodium than subjects without diabetes at similar plasma glucose concentrations and filtered glucose. At comparable degrees of hyperglycaemia, patients with greater insulin resistance have more sodium retention, suggesting that insulin resistance reflects an intrinsic renal abnormality [38] at least in white people. Our results are consistent with these views.
Our study raises an important question. If circulating concentrations of insulin and glucose explain the increased proximal tubular renal sodium handling in white people, why is a similar pattern not found in the other two groups, whose average serum insulin and glucose concentrations were even higher? The explanation for this difference is not at hand. An increase in dietary salt decreases insulin receptor number and mRNA levels in the kidney of normal Wistar-Kyoto and Sprague-Dawley rats [39] . However, when fructose is added to the high-salt diet and the rats become insulin-resistant and hypertensive, the salt-mediated decrease in insulin receptors is lost [39] . We do not know whether a similar interplay between differences in habitual sodium intake, susceptibility to hyperinsulinaemia and insulin resistance and prevalence of overt diabetes mellitus contributes to the different results observed in the various ethnic groups.
Finally, it cannot be ruled out that differences in genetic background play a role in the relationship between proximal renal sodium handling and indices of the metabolic syndrome. Several genetic mutations and a variety of gene polymorphisms have been related to alterations in the renal handling of sodium. Substantial interethnic differences have been shown in several cases [40, 41, 42] . Some of these genetic variants could also be involved in the salt-sensitivity of black African subjects with low-renin volume expanded hypertension [43] . Lower FELi, which reflects greater proximal sodium re-absorption, could be consistent with this hypothesis.
